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ABSTRACT 

We construct five different two-parameter massive deformations of the unique nine- 
dimensional N = 2 supergravity. All of these deformations have a higher-dimensional origin 
via Scherk-Schwarz reduction and correspond to gauged supergravities. The gauge groups 
we encounter are 5*0(2), 5*0(1, 1) + , R, R + and the two-dimensional non-Abelian Lie group 
A(l), which consists of scalings and translations in one dimension. 

We make a systematic search for half-supersymmetric domain walls and non-supersym- 
metric de Sitter space solutions. Furthermore, we discuss in which sense the supergravities we 
have constructed can be considered as low-energy limits of compactified superstring theory. 



1 Introduction 



It is well-known that the low-energy limit of superstring theory and/or M-theory is described 
by a supergravity theory in the same spacetime dimension and with the same number of 
supersymmetries. Thus, M-theory leads to D=ll supergravity and Type IIA/IIB superstring 
theory leads to D=10 IIA/IIB supergravity. The same applies to the compactifications of 
these theories to lower dimensions. 

The other way round is less clear: not every supergravity theory has necessarily a string 
or M-theory origin. A well-known example of a supergravity theory whose role in string the- 
ory was unclear until a few years ago is the D=10 massive supergravity theory of Romans £Q. 
It was pointed out by Romans that the D=10 (massless) IIA supergravity theory [210] can 
be deformed into a massive supergravity with mass parameter t/ir. The role of this mas- 
sive supergravity within string theory has become clear only after the introduction of the 
D-branes, in particular the D8-brane [3]. An interesting feature of the massive supergravity 
of Romans is that the Lagrangian possesses a dilaton potential proportional to which 
acts as an effective cosmological constant. Due to this scalar potential the massive super- 
gravity, unlike the massless case, does not allow a maximally supersymmetric Minkowski 
spacetime as a vacuum solution. Instead, the scalar potential leads to the possibility of a 
half-supersymmetric domain wall solution interpolating between different values of the cos- 
mological constant. Such a solution indeed exists (SIE] and is identified as the D8-brane 
of U. 

The massive supergravity of [I] is not a gauged supergravity and, at the field theory level, 
has no D=ll origin 1 . The only candidate symmetry of the Lagrangian to be gauged is a rigid 
M + symmetry (see Table EJ). However, the Ramond-Ramond gauge vector has a nontrivial 
weight under this M + symmetry and this leads to inconsistencies with the supersymmetry 
algebra. There does exist another massive deformation of D=10 IIA supergravity, with mass 
parameter mn, which is a gauged supergravity and does have a D=ll origin [BUS]- However, 
it can only be defined at the level of the equations of motion. The Ramond-Ramond gauge 
vector has weight zero with respect to the M + group that is gauged (see Table ^J) and in this 
case there are no inconsistencies with the supersymmetry algebra. The role of this second 
massive deformation within string theory is not (yet) clear. An interesting feature of the 
theory is that it allows for a (non-supersymmetric) de Sitter space solution jH] . The possible 
physical significance of this de Sitter space solution has been discussed in [TiHITT]. 

A common feature of the D=10 massive supergravity of pQ and the D=10 gauged su- 
pergravity of [HE] is that there is a dilaton potential which is proportional to the square 
of the mass parameter, and m^, respectively. Due to this scalar potential the D=10 
Minkowski spacetime is no longer a maximally supersymmetric vacuum solution of the the- 
ory. Instead one can look for half-supersymmetric vacuum solutions. A natural class of half- 
supersymmetric solutions that makes use of the scalar potential is the set of domain-wall 
solutions, like the D8-brane mentioned above. Recently, domain wall solutions of lower- 
dimensional supergravities have attracted attention in view of their relevance for a super- 
symmetric Randall-Sundrum scenario [T2]ll3|. the domain- wall/QFT correspondence [THITH] 

: We assume that we are not using the existence of extra Killing vectors, like in [7]- 
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and applications to cosmology [TT)|IT7] . In all these applications the properties of the domain 
walls play a crucial role and these properties are determined by the details of the scalar 
potential. 

Motivated by this we studied in a previous paper general domain wall solutions in D=9 
dimensions ^HJ 2 . We took D=9 because on the one hand this case shares some of the 
complexities of the lower- dimensional cases, on the other hand the scalar potential for this 
case is simple enough to study the corresponding domain-wall solutions in full detail. The 
supergravity theory we considered in [TH] was obtained by a generalized Scherk-Schwarz 
reduction of D=10 IIB supergravity. This is not the most general possibility in D=9. The 
aim of this paper is to make a systematic search for massive deformations of the unique D=9, 
N=2 supergravity theory. All deformations we find correspond to gauged supergravities. 
Such supergravities have a gauge symmetry which reduces, for constant values of the gauge 
parameter, to a nontrivial rigid symmetry. The hope is that the D=9 case will teach us 
something about the more complicated situation in D < 9 dimensions. 

In the first part of this paper we will present in two steps the D=9 gauged supergravities 
we have found. In a first step we will present seven massive deformations with a single 
mass parameter m, all giving rise to gauged supergravities. All of them are obtained by 
generalized dimensional reduction [22] from a higher-dimensional theory (11D, IIA or IIB 
supergravity). The consistency of these 9D gauged supergravities is guaranteed by their 
higher-dimensional origin. The gauge groups we encounter are either 3 SO(2), SO(l,l) + , 
R (all of which are subgroups of SX(2,IR) with invariant metrics diag(l,l), diag(l,-l) and 
diag(l,0), respectively [2H1I2I]), R + or the two-dimensional non-Abelian Lie group A(l) 4 . 
The latter is the affine group of the line and consists of so-called collinear transformations 
(scalings and translations) in one dimension and forms a non-semi-simple Lie group [231121)] . 

In a second step we will consider combinations of these seven massive deformations. The 
closure of the supersymmetry algebra will be guaranteed based on a linearity argument but 
it turns out that non-linear restrictions enter via the back door. Satisfying these restrictions 
leaves us with five different two-parameter deformations (rather than the seven-parameter 
deformation that one could have if there were no non-linear restrictions). These are the most 
general gauged supergravities we construct in this paper. 

In the second part of this paper we make a systematic search for vacuum solutions of the 
supergravities we have obtained. The existence of such vacuum solutions is needed in order 
to define the spectrum of the theory as fluctuations around this vacuum. Our search includes 
half- super symmetric domain wall solutions and non-supersymmetric de Sitter spaces. 

Throughout the paper we will reduce field equations rather than Lagrangians. The 
reason for this is the fact that (some of) the rigid symmetries we employ for Scherk-Schwarz 
reduction scale the Lagrangian. As was noted by and is illustrated by the SS reduction of 
a simple toy model in Appendix El Scherk-Schwarz reduction with a symmetry that scales 

2 For earlier discussions of domain wall solutions in D=9 dimensions, see ^3|2U]. For a more recent 
discussion, see [ST] . 

3 Throughout the paper we will use the notation SO(l, 1) + rather than (the isomorphic) R + for the scaling 
symmetry that is a subgroup of SL(2, R). The different notation is used to emphasize the different origin. 
4 This is unrelated to the A-D-E classification of simple Lie groups. 
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the Lagrangian can only be performed at the level of the field equations. Reduction of the 
Lagrangian itself gives rise to the wrong equations. In fact, the reduced field equations can 
not be obtained as Euler-Lagrange equations of any Lagrangian. 

This paper is organized as follows. In Section |2 we briefly review the situation in D=ll 
dimensions where no massive deformation has been constructed so far. This case is needed 
for the discussion of the D=10 and D=9 cases. In Section 01 we discuss the two different 
massive deformations of D=10 IIA supergravity. In Section H] we review the case of D=10 
IIB supergravity. This case does not allow massive deformations but will be needed for 
the discussion of the D=9 case. In Section |S] we present 7 massive deformations of the 
maximally supersymmetric D=9 supergravity theory. They all are gauged supergravities 
with gauge group 50(2), SO(l,l) + , R, M + or A(l). In Section El we show, by combining 
the different gauged supergravities, that there exist five different two-parameter massive 
supergravity theories. In Section Owe make a systematic search for vacuum solutions of the 
supergravities we have obtained. Finally, in Section |K] we give our conclusions. In particular, 
we discuss which of the D=9 supergravities can be considered as candidate low-energy limits 
of (compactified) superstring theory. We give four Appendices. Appendix |X] contains our 
conventions. Appendix El discusses the Scherk-Schwarz reduction of a dilaton-gravity toy 
model. Appendix IH1 contains the supersymmetry transformations of massless D=ll, 10 and 
9 supergravity plus the reduction Ansatze to go from D=ll to D=10 to D=9. Finally, in 
Appendix [01 we discuss some manipulations with spinors and gamma-matrices in ten and 
nine dimensions. 

2 D=ll Supergravity 

We first consider eleven- dimensional supergravity. Its field content is given by 5 

D=H: {<,:■(]„„■>■),}■ (2.1) 

The D=ll supersymmetry transformations are given in Appendix El see eq. ()C1JI . These 
supersymmetry rules are covariant under an K + symmetry with parameter a $ZT\. The 
weights of the D=ll fields under this R + are given in Tabled Note that the Lagrangian is 
not invariant but scales with weight w = 9. Therefore this R + is a symmetry of the equations 
of motion only. 

No massive deformation of the eleven- dimensional supergravity theory is known. In 
particular, no cosmological constant can be added [2E]- One problem with a D=ll super- 
symmetric cosmological constant is that its reduction gives rise to a D=10 cosmological 
constant with a dilaton coupling that differs from Romans' massive deformation. A gen- 
eral deformation of D=ll supergravity involving the use of extra Killing vectors has been 
considered in • We will not consider this possibility in this paper. 

5 In order to distinguish between D=ll, D=10 and D=9 we indicate D=ll fields and indices with a double 
hat, D=10 fields and indices with a single hat and D=9 fields and indices with no hat. 
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Table 1: T7ie R + -weights of the D=ll supergravity fields, the super symmetry parameters e 
and the Lagrangian C. 

3 Massive Deformations of D=10 IIA Supergravity 

A Kaluza-Klein reduction of the eleven-dimensional theory yields the IIA theory in ten 
dimensions 6 . The field content of the D=10 IIA supergravity theory is given by 

D=10 IIA: {e/, B^, 0, i A , 6 m , fa, A} . (3.1) 

The supersymmetry transformations rules are given in eq. (|C.5j) . For later purposes we 
indicate these (undeformed) supersymmetry transformations by 5q. The transformation 
rules have two M + -symmetries, one with parameter at that scales the Lagrangian and one 
with parameter j3 that leaves the Lagrangian invariant. The first symmetry follows via 
dimensional reduction from the D=ll IR + -symmetry with parameter a. The weights of 
these two IR + -symmetries are given in Table EJ The gauge symmetry associated to the 
Ramond-Ramond vector, with parameter A, reads 

A^A-dX, C^C-dXB. (3.2) 
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Table 2: The ~R + -weights of the D=10 IIA supergravity fields, the supersymmetry parameter 
e and the Lagrangian C. 

The D=10 IIA supergravity theory allows two massive deformations which we discuss 
one by one below. 

3.1 Deformation ttir: D=10 massive supergravity 

The first massive deformation, with mass parameter ttir, is due to Romans pQ. In this case 
(the same is true for all other cases) the supersymmetry transformations receive two types 
of massive deformations: explicit and implicit ones. The explicit deformations are terms, 

6 We have used the reduction Ansatze l|C.4|) with ran = 0. 



4 



at most linear in tur, that are added to the original supersymmetry rules. These explicit 
deformations are denoted by S mR and are given, in terms of a superpotential W(<f>) and 
derivatives thereof, by 



W/^-t^rV, with W= 1 J e 5 ^m ] 
5 mR X = 4^e 



m R : W S A SW» ( 3 - 3 ) 



There are further implicit massive deformations to the original supersymmetry rules So, 
which are given in eq. (|C.5|) . due to the fact that in these rules one must replace all field 
strengths by corresponding massive field strengths which are given by 

F = dA + m R B , H = dB, G = dC + AH + \m K BB . (3.4) 

The Lagrangian contains terms linear and quadratic in mR. Again there are implicit deforma- 
tions, via the massive field strengths, and explicit deformations. The explicit deformations 
quadratic in the mass parameter define the scalar potential which can be written in terms 
of the superpotential W(<f>) and derivatives thereof. 

Requiring closure of the supersymmetry algebra one finds the linear deformations of the 
fermionic (gravitino and dilatino) field equations in Roman's theory: 

R " \X mR (X) = mae^f'C-f^ - §^A) . 

The undeformed equations, Xo(ip' 1 ) and X (X), are given in eqs. ()C.7j) . 

Under supersymmetry the fermionic field equations, Xq + X mR , transform into the de- 
formed bosonic equations of motion. Since we will only be interested in finding solutions that 
are carried by the metric and the scalars it is convenient to truncate away all bosonic fields 
except the metric and the dilaton 7 . After this truncation we find that under supersymmetry 
the fermionic field equations transform into 

(So + S mR )(X + X mK )(r) = if'e [Rh - \Wu ~ l(dy)(do$) + lid^fg^ + ±m R e 5 ^ 2 ^] 

(S + S mR )(X + X m J(A) = e - |m R e 5 ^ 2 ] . (3.6) 

At the right-hand side we thus find the Romans' bosonic field equations for the metric and 
the dilaton, one solution of which is the D8-brane. Note that the bosonic field equations 
contain terms quadratic in the mass parameter. 

Romans' theory is not known to have a higher- dimensional supergravity origin. Neither 
is it a gauged supergravity. A candidate symmetry of the Lagrangian to be gauged is the f3 
symmetry of Table |2] However, the candidate gauge field has a nontrivial weight under 
j3. This means that the curl dA transforms with a non-covariant term proportional to d\A. 
Such a term cannot be cancelled by adding an extra term, such as B, to the definition of 
the A curvature. In short, the (3 symmetry cannot be gauged [Sj. The same Table shows 
that on the other hand A^ has weight zero under the d-symmetry which is a symmetry of 
the equations of motion only. This a-symmetry can indeed be gauged at the level of the 
equations of motion. This gauging leads to the D=10 gauged supergravity discussed below. 

'Note that a further truncation to <b — c is inconsistent. 
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3.2 Deformation m\\\ D=10 gauged supergravity 

The second massive deformation, with mass parameter mu, has been considered in jHUHj 
and is a gauged supergravity. It can be obtained by generalized Scherk-Schwarz reduction 
of D=ll supergravity using the R + symmetry a of Table The corresponding reduction 
Ansatze, with mu 7^ 0, are given in eq. (|C.4J) . This reduction leads to the following explicit 
massive deformations of the D=10 II A supersymmetry rules: 

jSmu^ii = Imne-^TTue, 
mn: \5 mil X = l mn e-^T n e. [3 - 7) 

The implicit massive deformations of the original supersymmetry rules Sq are given by the 
massive bosonic field strengths 

D0 = d0+|m n i, F = dA, H = dB + 3m n C , G = dC + AH , (3.8) 

while the covariant derivative of the supersymmetry parameter is given by 

D A e=(0 A + £ A + ^miif A i)e. (3.9) 

The gauge vector in the definition of the covariant derivative is required to make the deriva- 
tive of the supersymmetry parameter and the spin connection IR + -covariant. 
The linear deformations of the fermionic field equations read in this case 

(X mu (r ) = mne-^ruf A>(-§^ + gf P A) , 
mi1 ' |X mil (A) = mne-^rnf p (|^ - £f *A) . 1 ' J 

We first consider the truncation that all bosonic fields except the metric and the dilaton are 
set equal to zero. Under supersymmetry the fermionic field equations transform into 

(5 + S mil )(X + X mil )$*) = \f°e [&„ - \Rg» - \{d^){d^) + \(d})Yp+ 

(6 + 5 mn )(X + X mn )(X) = e N] + r D rue[9mue-^ //L d4] . (3.11) 

The terms involving Tn are part of the vector field equation. Therefore, to obtain a consistent 
truncation, we must further truncate the dilaton to zero. One is then left with only the metric 
satisfying the Einstein equation with a positive cosmological constant, a solution of which is 
10D de Sitter space [§]. 

The reduced theory is a gauged supergravity where the M + symmetry a of Table 121 has 
been gauged. In particular, the gauge parameter and transformation of the Ramond-Ramond 
potentials read as follows 8 : 

a: \ = e ^rn 11 x with A-*A-dX, e 3mil *((7-dAS) , (3.12) 



3 It is understood that each field with Wa 7^ is multiplied by A. 
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where w& are the weights under a. We note that one can take two different limits of the a 
gauge transformations. First, the limit mix — ^ leads to the massless gauge transformations 
(|H.2|) . Note that C transforms trivially under this gauge symmetry in the sense that C can 
be made gauge-invariant after a simple field-redefinition. Secondly, one can take the limit 
that a is constant. This leads to the ungauged R + d-symmetry of Table [21 

A noteworthy feature of the D=10 gauged supergravity is that no Lagrangian can be 
defined for it. In the search for supersymmetric domain wall solutions in D=5 dimensions 
many other examples of gauged supergravity theories without a Lagrangian have been given 
|3Uj . Note that one can write down a Lagrangian for the ungauged theory. The reason that 
one cannot write down a Lagrangian after gauging is that the symmetry that is gauged is not 
a symmetry of the Lagrangian but only of the equations of motion. It would be instructive 
to construct the D=10 gauged supergravity from the ungauged theory by gauging the a- 
symmetry. Apparently, it shows that one can gauge symmetries that leave a Lagrangian 
invariant up to a scale factor. 



4 D=10 IIB Supergravity 

The other ten-dimensional supergravity theory is chiral IIB. Its field content is 

D=10 IIB: {e^\lx,B^lBflb^^\} . (4.1) 

The supersymmetry variations are given in eq. (jC.lOj) . The IIB supersymmetry rules trans- 
form covariant under the SX(2,R) transformations (omitting indices): 



T 



, B —> QB , D -> D , with = ( a c b d ^j G SL(2, . 



We have used here the vector notation B = (5^, B < ^y r '. The group SL(2, R) contains a 
set of three one-parameter conjugacy classes defining one compact and two non-compact 
subgroups. Since they are needed later we will describe them shortly. Each of the subgroups 
is generated by a SX(2, R) group element Q with det Q = 1. 

I. One non-compact subgroup R is generated by 

n p=e K f j n (43) 

Each element defines a parabolic conjugacy class with Trf2 = 2. These parabolic 
transformations leave the combination (B^) 2 invariant. Therefore the invariant metric 
is given by diag(0,l). The action of the R ^-symmetry on the fields can not be 
expressed by assigning weights to the standard basis of fields given in (|4.1jl . 



7 



2. An 5*0(1, 1) + subgroup which is generated by elements 









(4.4) 



Each element defines a hyperbolic conjugacy class with Trf2 > 2. These hyperbolic 
transformations leave the combination B^B^ invariant. After diagonalization this 
leads to an invariant metric given by diag(l,-l). The weights corresponding to the 
5*0 ( 1 , 1 ) + 7-symmetry are given in Table EJ 



3. There is a 5*0(2) subgroup which is generated by elements Q of 5L(2,M) with 
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(4.5) 



Each element defines an elliptic conjugacy class with Tr Q < 2. The elliptic transforma- 
tions leave (B^) 2 + (B^) 2 invariant. After diagonalization this leads to an invariant 
metric given by diag(l,l). The action of the 50(2) ^-symmetry on the fields can not 
be expressed by assigning weights to the standard real basis of fields given in (j4.1|) . 

Table 3 contains the weights of the 7-symmetry defined above 9 and of a new M + symmetry 5 
which is not a subgroup of 5L(2,M) and that does not leave the Lagrangian invariant. One 
could combine SL(2,M) with this new IR + into a GL(2,M) symmetry that leaves the IIB 
equations of motion invariant. Its action is the product of the two separate transformations: 
Q = QA$. This exhausts all the symmetries of D=10 IIB supergravity. 
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Table 3: The scaling weights of the D=10 IIB supergravity fields, the super symmetry param- 
eter e and the Lagrangian C. 



The IIB supergravity theory is not known to have massive deformations. One of the 
reasons for this is that there is no candidate vector field like in the IIA case. 



5 Massive deformations of D=9, N = 2 Supergravity 

The Kaluza-Klein reduction of either (massless) IIA or IIB supergravity gives the unique 
D = 9, N = 2 massless supergravity theory. Its field content is given by 

D=9: {e/, 0, <p, X , A M , A^\Af, B« B$, C, up , ^ A, A} . (5.1) 

9 The other two symmetries defined above cannot be defined in terms of weights of real fields only. 
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The supersymmetry rules are given in eq. (|C.16J) . The massless 9-dimensional theory inherits 
several global symmetries from its parents: two R + symmetries a, (3 from IIA supergravity 
and one R + symmetry 5 plus a full 5L(2, R) symmetry from IIB supergravity The latter 
leads in particular to an SO (2) symmetry 9, an 50(1, 1) + symmetry 7 and an R-symmetry 
£. The weights of all these symmetries, except for the 50(2) ^-symmetry and R ^-symmetry, 
and their higher- dimensional origin are given in Table 0] (see also j2j 
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Table 4: The scaling weights of the 9 dimensional supergravity fields, the supersymmetry 
parameter e and the Lagrangian L. 

It turns out that only three out of the four scalings given in Table 0] are linearly inde- 
pendent. There is a relation 

= 7+ (5-2) 

We observe the following pattern. Using (|5.2j) to eliminate one of the scaling-symmetries 
we are left with three independent scaling-symmetries. Each of the three gauge fields 
Ap, A^\ Affi has weight zero under two (linear combinations) of these three symmetries: 
one is a symmetry of the action, the other is a symmetry of the equations of motion only. 
The D=9 5L(2,R) symmetry acts in the following way: 
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(5.3) 



while ip and O are invariant. We have used a vector notation for the two vectors and two 
antisymmetric tensors, like in D=10. Again one can combine SL(2, R) with an R + symmetry 
to form OL(2,R) with parameter Q = QA^+. 

In addition to the global symmetries there is a number of local symmetries. In particular, 
the gauge transformations of the vectors read 



A w ^ A w _ dA M , A m ^ A m _ dA (2) 

A^A-dX, B^B-AdX. 



(5.4) 
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D=10 



IIA m R 
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Gauged Symmetry ( a a j3 S -y, 8 

GaugeGroup R R+ R+ R+ R+ IB, SO (1, 1)+, 50(2) 

Gauge Vector A A« A® A^ A A 

Figure 1: Overview of all reductions performed in this paper. These cases can all be inter- 
preted as gauged supergravities, with gauged symmetry and corresponding gauge field as given 
in the Figure. Mass parameters in the same box, such as mu,mnA or mi, vn,2,m-&, form a 
multiplet under SL(2, R). Further details of these cases will be given below. Note that the 
two ways of obtaining the ^-gauging give rise to the massive T-duality of 



We now turn to massive deformations of the 9D theory. Applying a SS dimensional 
reduction of the higher-dimensional supergravities we obtain a number of massive defor- 
mations in nine dimensions, as illustrated in Figure Q By employing the different global 
symmetries of 11D, IIA and IIB supergravity we obtain seven deformations of the unique 
D = 9 supergravity. 

Note that the different massive deformations can be related. Symmetries of the mass- 
less theory become field redefinitions in the massive theory that only act on the massive 
deformations. This means that the mass parameters transform under such transformations: 
they have a scaling weight under the different scaling symmetries and fall in multiplets of 
SX(2,R). In Table El the multiplet structure of the massive deformations under SL(2, R) 
is given. The mass parameter 7714 is defined as the S-dual partner of and can not be 
obtained by a SS reduction of IIA supergravity. 

All these deformations correspond to a gauging of a 9D global symmetry. In particular, 
it is always the symmetry that is employed in the SS reduction Ansatz that becomes gauged 
upon reduction. The corresponding gauge vector is always provided by the metric, i.e. is the 
Kaluza-Klein vector of the dimensional reduction. In all but one case this is the complete 
story and one finds an Abelian gauged supergravity. It turns out that there is one exception 
where we find a non- Abelian gauge symmetry. This can be understood from the following 
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Table 5: This tables indicates the different multiplets that the D=9 mass parameters form 
under SX(2,R). 



general rule 10 . As we noted, the Kaluza-Klein vector gauges the symmetry employed in the 
SS reduction Ansatz. The fate of either of the remaining two gauge vectors is restricted to 
three possibilities: 

• The vector is a singlet under the gauge symmetry and its field strength acquires no 
modification, e.g. in the mux deformation. 

• The vector transforms under the gauge symmetry and its field strength acquires a 
massive deformation proportional to a two-form. The degrees of freedom of the vector 
are eaten up by the two-form via the Stiickelberg mechanism, e.g. A in the mnA 
deformation. 

• The vector transforms under the gauge symmetry and its field strength acquires no 
massive deformation proportional to a two-form. In this case we must have gauge 
enhancement to preserve covariance, e.g. A^ in the m 4 deformation. 

All cases we find in D=9 are consistent with this rule of thumb. We will discuss the different 
massive deformations one by one below. 



5.1 Deformation mnA- SS Reduction of IIA using a 

We first perform a Scherk-Schwarz reduction of (massless) IIA supergravity based on the 
d-symmetry of Tabled We use the reduction Ansatze (jC.9|) with 7774 = 0. This leads to a 
gauged supergravity with mass parameter mnA- The explicit massive deformations in this 
case appear in the variation of the gravitino and one of the dilatinos: 

j5 milA ^ = -&m UA e^/^e* , 

The implicit massive deformations are given by 

D0 = e^de , Dip = e'^De^ , G x = d X , G 4 = DC + B T rjF , 
F = DA — 3m IIA £ (2) , = dA« , F^ = dA^ , 

H d) = DB (i) _ AF d) + 3muAC ; H m = DB ( 2) _ AF {2) (5 6) 
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We thank Sergio Ferrara for clarifying discussions on this issue. 
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The M + -covariant derivative is defined by D = d + w a mn^A^ with w a the a scaling-weight 
of the field it acts on, as given in the Table EJ and DD = w a miwF^ 2 ' . The covariant 
derivative of the supersymmetry parameter is given by 

Dfj,e = {d, + ^ + ie% X + >n A r,4 (2, )e • (5.7) 
The 9D fermionic field equations have the following explicit massive deformations: 



m IIA : 



X muA (X) = - muA e^- 3 ^r[-^lM , 
X mnA (X) = -m llA e^^Y[^ ~ ifrluX* + \i lv \* 



This massive deformation is a gauging of the M + symmetry a: 

a: A = e ^m 11A x^ with A (2) ^ A (2) _ dA (2) ? ^ 

where w a are the weights under a. 

5.2 Deformation m^: SS reduction of IIA using /3 

We next perform a generalized Scherk-Schwarz reduction of D=10 IIA supergravity using 
the M + (3 symmetry of Table |2j We use the reduction Ansatze given in eq. fjO.Qj) . taken 
with mnA = 0. This leads to a massive deformation with mass parameter m^. Only the 
supersymmetry variations of the dilatinos receive explicit massive deformations: 

The implicit massive deformations read: 

D0 = e _ *De* , Dy? = e'^De* , G 1 =D X + |m 4 A (1) , G 4 = DC + B T r]F , 
F = DA — \m A B^ , = DA« , = dA® , 

H w = DB (d _ AF (d _ i mi{<0 _ 3^(1)5(2)) j H (2) = DB (2) _ AF m (5 10) 

The M + -covariant derivative is defined by D = d + wp m^A^ with wp the j3 scaling-weight 
of the field it acts on, as given in the Tabled and DD = wp m^F™ . The covariant derivative 
of the supersymmetry parameter has no massive deformation. The explicit deformations of 
the fermionic field equations read 

f X m4 (^) = 2m4e ^-3^2V7 7 ^[_,_|_ %A _ i& lv \] , 
m 4 : I X m4 (X) = - m ^ 2 ~ 3 ^Y[^ + , 
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These massive deformations can be seen as a gauging of the IR + symmetry (3 with gauge 
parameter (3 and gauge field transformation 

A = e wpm 4 f3 with A (2) _^ A (2) _ d/? _ ( 51 ^ 

In addition, we find that the parabolic subgroup of SL(2, M), with parameter (, is gauged: 

C : B(1) 1 5?) + ! |^f C ' B (2) > with - - rfC + I™4^ (2) . (5.12) 

These two scaling symmetries do not commute but rather form the two-dimensional non- 
Abelian Lie group A(l), consisting of collinear transformations [23121] (scalings and trans- 
lations) in one dimension. The algebra reads 

[T T P ] = T C , (5.13) 

which is non-semi-simple. 

5.3 Deformations mi,m2,m^: SS reduction of IIB using SX(2,R) 

We next perform a Scherk-Schwarz reduction of D=10 IIB supergravity using an Abelian 
subgroup of the SX(2,R) symmetry. This case has been treated in P El 12131201 El EEB1 EE] • 
We use the reduction Ansatze given in eq. (jC.14|) with m rm = 0. This yields massive 
deformations in D=9 with mass parameters m = (m 1; m 2 , m 3 ). Both the explicit and implicit 
deformations of the supersymmetry rules can be written in terms of the superpotential 

W((j) 7 x, V 2 ) = \e 2lp/V1 (m 2 sinh(0) + m 3 cosh(0) + m^x -\(rn 2 - m 3 )e </> x 2 ) (5.14) 
and the mass matrix employed in the Scherk-Schwarz reduction 



m2 — 1^3 —mi 



M = \[ ^ m L_ ^i" 3 ) • (5-15) 



The explicit deformations are 



m 



^A = 4z(^ + ie-«)e*, (5.16) 



while the implicit massive deformations read 



Dr = dr + 4e~ 2 ^-^ + ze"4^ 

b<p bx 

= (d + \[{rri2 + rra 3 )r~ 1 + 2m 1 + (m 3 - m 2 )r]A) r , 
F = dA, F = dA - MB , H = dB-AF, 

G 4 = dC + B T r]F + \B T rjMB , (5.17) 
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m : < 



for the bosons and 

ZV = (<9 M + uv + |e^x - le-^^WA^e (5.18) 

for the supersymmetry parameter. The field equations of the 9D fermions receive the fol- 
lowing explicit massive corrections: 

X A (A) = -i 7 "[4 (f + ie"*f ) % - \iW llM \ - sjyi (f + ie"*f ) 7 „A] , 
X„,(A) = -^[4f # - ^ (f - ) 7,A - iz^A] . 

The massive deformations with parameters m = (mi,rri2,m^) gauge a subgroup of the 
global SX(2, R) symmetry ()5.Hj) with parameter and gauge field transformation: 

SX(2,R): f] = e^ A , with A -> A - dA , B — > Vl{B — Ad\) . (5.19) 

Thus these massive deformations correspond to the gauging of the subgroup of SL(2, R) with 
generator Ai, the mass matrix employed in the reduction. Note that the transformations of 
this subgroup have special properties: for example, the superpotential W is invariant under 
it. We can distinguish three distinct cases depending on the value of m 2 = |(m 1 2 +m 2 2 -m3 2 ) 



• m 2 = 0. We gauge an R subgroup of SL(2, R) with parameter ( and invariant metric 
diag(0,l). 

• m 2 > 0. We gauge an SO(l, 1) + subgroup of SL(2, R) with parameter 7 and invariant 
metric diag (1,-1). 

• m 2 < 0. We gauge an 5*0(2) subgroup of SX(2,R) with parameter 9 and invariant 
metric diag (1,1). 

All these three cases are one-parameter massive deformations. 

5.4 Deformation mjiB- SS reduction of IIB using 5 

Next, we perform a Scherk-Schwarz reduction of D=10 IIB supergravity using the R + symme- 
try 8 of Table El We use the reduction Ansatze given in eq. (|C"T4|l with 
This yields a massive deformation with parameter mnB- The explicit deformations of the 
supersymmetry rules read 

m ^-< ~ 4 (5.20) 
[o miIB A — — ^m IIB e T < e . 



14 



The implicit deformations read 

F = dA , F = dA — 2m UB B , H = dB — AF , 

G A = dC + B T r]F + m UB B T r]B , Dip = dip — ^m lIB A , (5.21) 
for the bosons and 

D^e = {d„ + cu fl + \e%x + f m im T^)e (5.22) 

for the supersymmetry parameter. The explicit deformations of the fermionic field equations 
read 

m m ■ I X muB (X) = m I1B e 2 ^Yil*lA} , (5-23) 
|x mnB (A) = m IIB e 2 ^V[^C - iM ■ 

This is a supergravity where the M + -symmetry 5 has been gauged: 

S: A = e mi B A with B ^ e 2m ™ A (S - IdA) . (5.24) 

5.5 Deformation m\\'. KK reduction of IIA with mn-deformation 

Finally, one can also consider the Kaluza-Klein reduction of the D=10 gauged supergravity 
discussed in Subsection 13.11 (see also Figure HJ). This leads to a D=9 gauged supergravity 
with the following explicit deformations 

The bosonic implicit deformations read 

Dip = dip - ^m n A {1) , F = DA + 3m n B {1) , G 4 = DC + B T r]F , 

H w = DB (d _ AF (D 5 H m = DjB ( 2) _ AF (2) + 3miiC , ? (5>26) 

with the R + -covariant derivative of a field with weight w defined by D = d — !c m u 
For the supersymmetry parameter we find 

Dfj,e = (d„ ie% X + ^m^Y^^e . (5.27) 

The fermionic field equations are deformed by the massive contributions 

'^(f) = -im lie ^ 2 - 3 ^ 2 ^7^[|T^ - i^r* 7l/ A + i-^rjA] , 
m n : { X mn (A) = mil e*/ 2 - 3 ^ 2 ^ 7 "[-^^7,A*] , (5.28) 
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This massive deformation is a gauging of the M + symmetry a: 

a: A = e-famuAM with A (i) _^ A (i) _ dA (i) _ ( 529 ) 

This reduction does not lead to a new gauged supergravity. It differs from the ranA 
case in the order of the reductions from D=ll. In case 1 one first performs an ordinary 
KK reduction and next a SS reduction on a while in the present case the order of these 
reductions is reversed: one first performs a SS reduction on a and next an ordinary KK 
reduction. Indeed, the difference is just a field redefinition via S-duality plus a relabelling 
of the mass parameters: m n = m n A- The two mass parameters (mn, 771tia) form a doublet 
under more general SL(2,M.) field redefinitions. 

6 Combining Massive Deformations 

In the previous Section we have constructed seven gauged supergravities, each containing 
a single mass parameter. In this Section we would like to consider combining the massive 
deformations discussed in the previous Section. The resulting theories will have more mass 
parameters characterizing the different deformations. However, not all combinations will 
turn out to be consistent with supersymmetry. This inconsistency only appears when turning 
to the bosonic field equations: the supersymmetry algebra with a combination of massive 
deformations always closes, as can be seen from the following argument. 

Suppose one has a supergravity with one massive deformation m and supersymmetry 
transformations 5q + S m . In all cases discussed in this paper the massive deformation of the 
supersymmetry rules satisfies the following property: 5 m (boson) = 0. In other words, only 
the supersymmetry variations of the fermions receive massive corrections. This implies that 
the issue of the closure of the supersymmetry algebra is a calculation with m-independent 
parts and parts linear in m but no parts of higher order in m 11 . On the one hand [5(ei), £(^2)] 
has no terms quadratic in m since one of the two 5's acts on a boson. On the other hand the 
supersymmetry algebra closes modulo fermionic field equations which also have only terms 
independent of and linear in m. Therefore, given the closure of the massless algebra, the 
closure of the massive supersymmetry algebra only requires the cancellation of terms linear 
in m. 

In the previous Sections we have not checked the closure of the massive supersymme- 
try algebras since this was guaranteed by the higher-dimensional origin, i.e. Scherk-Schwarz 
reduction of supergravity leads to a gauged supergravity. However, the argument of lin- 
earity allows us to combine different massive deformations. Suppose one has two massive 
supersymmetry algebras with transformations 5 + 5 ma and 5 + 5 mb . Both supersymmetry 
algebras close modulo fermionic field equations with (different) massive deformations. Then 
the combined massive algebra with transformation So+S ma +8 mb also closes modulo fermionic 
field equations whose massive deformations are given by the sum of the separate massive 

11 That is, up to cubic order in fermions. We have not checked the higher-order fermionic terms but, based 
upon dimensional arguments, we do not expect that these rule out the possibility of combining massive 
deformations. 
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deformations linear in m a and m&. The closure of the combined algebra is guaranteed by 
the closure of the two massive algebras since it requires a cancellation at the linear level. 

Under supersymmetry variation of the fermionic field equations, one in general finds 
linear and quadratic deformations of the bosonic equations of motion. In addition to these 
corrections, we find that there are also 'non-dynamical' equations posing constraints on the 
mass parameters. Solving these equations generically excludes the possibility of combining 
massive deformations by requiring mass parameters to vanish. At first sight, one might seem 
surprised that the supersymmetry variation of the fermionic equations of motion leads to 
constraints other than the bosonic field equations. However, one should keep in mind that the 
multiplets involved cannot be linearized around a Minkowski vacuum solution. Therefore, 
the usual rules for linearized (Minkowski) multiplets do not apply here. 

We find that generically adding massive deformations is possible whenever the D=10 
symmetries, giving rise to the separate massive deformations, can be combined in D=10 
as symmetries of IIA or IIB supergravity only. The combined D=9 supergravity is then a 
gauged supergravity which just follows by performing a SS reduction on the combined D=10 
symmetry. 

As a warming-up exercise we will in the first Subsection discuss the situation in D=10. 
In the next Subsection we will review the D=9 situation. 

6.1 Combining Massive Deformations in 10D 

The 10D IIA supergravity theory has two massive deformations parameterized by jjir and 
mil. Can we combine these two massive deformations? Based on the linearity argument 
presented above one would expect a closed supersymmetry algebra. The bosonic field equa- 
tions (with up to quadratic deformations) can be derived by applying the supersymmetry 
transformations (with only linear deformations) to the fermionic field equations (containing 
only linear deformations). For simplicity, we truncate all bosonic fields to zero except the 
metric and the dilaton. We thus find 

(S + S mR + 5 mil )(X + X mR + X mil )(^) = 

= fPe - \Rgh - U 9 ^)(d4) + \{d$ffp + Jm^ 2 ^ + 36m 2 lie ~^ 2 g^]+ 
+ rne[3mne- 3 ^ 4 ^0] + r n f [fm Rmil e^] , 
(5 + S mR + 5 mil )(X + X mR + X mil )(A) = 

= e - \m 2 K e^ /2 } + f p rne[9miie- 3 ^ 4 ^0] + r u e [fm K m n e& 2 ] . (6.1) 

At the right-hand side we find four different structures. Three of them correspond to the 
field equations of the metric, dilaton and RR vector. The vector field equation correspond 
to the terms linear in mu and containing Tn. They show us that truncating the RR vector 
to zero forces us to further truncate the dilaton to <fi = c. More interesting is the fourth 
structure which is bilinear in m^mn. It leads to the constraint m-^rnu = 0. This constraint 
cannot be a remnant of a higher-rank form field equation due to its lack of Lorentz indices. 
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It could only fit in the scalar field equation but the Tn factor prevents this. It is an extra 
constraint which does not restrict degrees of freedom but rather restricts mass parameters. 

We conclude that, even though the closure of the algebra is a linear calculation and 
therefore always works for combinations, the bosonic field equations exclude the possibility 
of the combination of massive deformations in D=10 dimensions. 

6.2 Combining Massive Deformations in 9D 

We next try to combine massive deformations in nine dimensions. One might hope that, 
due to the large amount of mass parameters, the bosonic field equations do not exclude all 
possible combinations, like in D=10. For the present purposes we will focus on specific terms 
in the supersymmetry variations of the fermionic field equations. In the following S m and X m 
are understood to mean the supersymmetry variation and fermionic field equation at linear 
order containing the sum of all seven possible massive deformations derived in the previous 
Section. Variation of the fermionic field equations gives, amongst other 7-structures, the 
terms 

(S + S m )(X + X m )W) ~i-fe[. . .] + Ye*[- ■ ■} +i-f(?[. ■ •] , 
(S + S m )(X + X m )(X) ~ e[. . .] +ie[. . .} , 

(So + S m )(X + X m )(\) ~ e[. . .] + i e[. ..]+£*[...], (6.2) 

where the [. . .] denote different bosonic real expressions of mass bilinears and scalar factors. 
These are the analog of the ten-dimensional expression [m^mne^^ 2 ] we encountered in the 
previous Subsection. They are the sources for possible constraints on the mass parameters. 
Requiring all expressions [. . .] to vanish one is led to the following possible combinations 
(with the other mass parameters vanishing): 

• Case 1 with {mnA> m^}: this combination can also be obtained by Scherk-Schwarz 
reduction of IIA employing a linear combination of the symmetries a and /3, guaran- 
teeing its consistency. It is also a gauging of both this symmetry and (for m 4 7^ 0) the 
parabolic subgroup of SL(2,M.) in 9D, giving the non-Abelian gauge group A(l). 

• Case 2,3,4 with {rh, wi ttb }: as in the case with mne = and only m this combination 
contains three different, inequivalent cases depending on rh 2 (depending crucially on 
the fact that m n B is a singlet under SX(2,IR)): 

— Case 2 with {rh, ttiiib} and rh 2 = 0. 

— Case 3 with {m,mnB} and m 2 > 0. 

— Case 4 with {m,mnB} and m 2 < 0. 

All these combinations can also be obtained by Scherk-Schwarz reduction of IIB em- 
ploying a linear combination of the symmetries S and (one of the subgroups of) 
SX(2,R), guaranteeing its consistency. All cases (assuming that mua 7^ 0) corre- 
spond to the gauging of an Abelian non-compact symmetry in 9D. Only the special 
case {m 2 < 0,m n B = 0} corresponds to a SO(2)-gauging. 
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• Case 5 with {772,4 = — yrnnA, vn-i = 777.3}: this case can be understood as the gener- 
alized dimensional reduction of Romans' massive IIA theory, employing the R + sym- 
metry that is not broken by the 777r deformations: (3 — j^a. It gauges both this linear 
combination of IR + 's (for m 4 7^ 0) and the parabolic subgroup of SL(2, R) (for 7773 7^ 0) 
in 9D, giving the non-Abelian gauge group A(l). 

Another solution to the quadratic constraints has parameters {mnA, 777n}, but this combina- 
tion does not represent a new case. It can be obtained from only mnA (and thus a truncation 
of Case 1) via an SL(2, M) field redefinition (since they form a doublet). Thus the most gen- 
eral deformations are the five cases given above, all containing two mass parameters. All 
five of these are gauged theories and have a higher-dimensional origin. Both case 1 and case 
5 have a non-Abelian gauge group provided m 4 7^ 0. 

7 Solutions 

In the first part of this paper we constructed a variety of gauged supergravities with 32 
supersymmetries. They all have in common that there is a scalar potential. Our next goal 
is to make a systematic search for solutions that are based on this scalar potential. In the 
next Subsections we will search for two types of solutions: (i) 1/2 BPS domain-wall (DW) 
solutions and (ii) maximally symmetric solutions with constant scalars, i.e. de Sitter (dS), 
Minkowski (Mink) or anti-de Sitter (AdS) solutions. 

7.1 1/2 BPS DW Solutions 

In our previous paper ^Hj we already made a systematic search for half-supersymmetric DW 
solutions of the gauged supergravities corresponding to the cases 3, 4 and 5. Due to a one- 
to-one relationship with 7-branes in D=10 dimensions [2H] we could even make a systematic 
investigation of the quantization of the mass parameters by using the results of 

The goal of this Subsection is to investigate whether the five massively deformed super- 
gravities we found in Subsection 16.21 allow new half-supersymmetric DW solutions. In other 
words, we will derive all 1/2 BPS 7-brane solutions to the 9-dimensional supergravities de- 
scribed in the previous Sections. This analysis should lead, as a check of our calculations, to 
at least all the solutions of [TBI- Since we are looking for 1/2 BPS solutions it is convenient 
to solve the Killing spinor equations, which are obtained by setting the supersymmetry vari- 
ation of the gravitino and dilatinos to zero. In this way we solve first order equations instead 
of second order equations which we would encounter if we would solve the field equations di- 
rectly. For static configurations a solution to the Killing spinor equation is also a solution to 
the field equations, so we don't have to explicitly check that the field equations are satisfied. 
The projector 12 for a DW is given by ~(1 ± 7^), where y denotes the transverse direction. 

12 From a general analysis of the possible projectors in 9 dimensions, i.e. demanding that the projector 
squares to itself and that its trace is half of the spinor dimension, in order to yield a 1/2 BPS state, we find 
that there is a second projector given by ^(1 ± 274). This projector would give a euclidean DW, i.e. a DW 
having time as a transverse direction. Note that such a Euclidean DW can never be 1/2 BPS since if there 
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We find that, in order to make a projection operator in the Killing spinor equations, we are 
forced to set all mass parameters to zero except for fh, which corresponds to cases 3, 4 and 
5 of Section El This is a consistent combination of masses and we obtain three classes of 
domain wall solution which were discussed in detail in [T^]. As it turns out, there are no 
more half-supersymmetric DW solutions. 

To summarize, we find that there are no new co dimension-one 1/2 BPS solutions to the 
D=9 supergravity theories we obtained in the previous Sections, as compared to the three 
classes of domain wall solutions given in |18j . 

7.2 Solutions with Constant Scalars 

In this Subsection we will consider solutions with all three scalars constant. This is a 
consistent truncation in two cases which both have two mass parameters. In this truncation 
one is left with the metric only satisfying the Einstein equation with a cosmological term 

Rpv — \g^R = —^Ofiu , (7.1) 

with A quadratic in the two mass parameters. Depending on the sign of this term one thus 
has anti-de Sitter, Minkowski or de Sitter geometry. 

We find that solutions with constant scalars are possible in the following massive super- 
gravities: 

• D=10 with {ttjh} has A = 36mn 2 e -3 ^ 2 , which gives rise to de Sitter 10 breaking 
all supersymmetry. The D=ll origin of this solution is Minkn written in a basis where 
the x-dependence is of the required form [Hj: 

Minkn : ds 2 = e 2milX (-dt 2 + e 2milt dx 2 9 + dx 2 ) . (7.2) 

• D=9, Case 1 with {mnA = —§^4} has A = ^m 2 e^~ Zip ^ , which gives rise to De 
Sitterg, breaking all supersymmetry. This case follows from the reduction of Minkio 
by using a combination of IIA scale symmetries that leave the dilaton invariant (since 
Minkowski has vanishing dilaton) so that, after reduction, one is left with a non-trivial 
geometry only. 

• D=9, Case 4 with {mnB,m3} has A = 28mnB 2 e 4 ^ v ^, which gives rise to de Sitterg 
for no n- vanishing mim- This case follows from the reduction of Minki by using a 
combination of IIB scale symmetries that leave the dilaton invariant. Note that for 
vanishing mnB this reduces to Minkg, despite the presence of m 3 [20] • For either mnB 
or m 3 non-zero this solution breaks all supersymmetry. 

existed a Killing spinor it would square to a Killing vector in the transverse direction, i.e. time, which is not 
an isomctry of the cuclidcan DW. 
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8 Conclusions 



In this paper we have constructed five different D=9 massive deformations with 32 super- 
symmetries, each containing two mass parameters. All these five theories have a higher- 
dimensional origin via SS reduction from D=10 dimensions. Furthermore, the massive de- 
formations gauge a global symmetry of the massless theory. The gauge groups we have 
obtained are the Abelian groups SO (2), 50(1, 1) + , K, K + and the unique two-dimensional 
non-Abelian Lie group A(l) of scalings and translations on the real line. 

We have analyzed the possibility of combining massive deformations to obtain more 
general massive supergravities that are not gauged or do not have a higher-dimensional 
origin. Our analysis shows that the only possible combinations are the five two-parameter 
deformations, which are all gauged and can be uplifted. We have not made a systematic 
search for massive D=9 supergravities that are not the combination of gaugings and we 
cannot exclude that there are more possibilities. This requires a separate calculation. In this 
context, it is of interest to point out that examples of massive supergravities like Romans have 
been found in lower dimensions, e.g. [SSIIS]- In these cases the compactification manifolds 
are such that the candidate gauge fields are truncated away. 

It is intriguing that some of the gauged supergravities we have constructed result from 
gauging an M + scale symmetry that does not leave the Lagrangian invariant but scales it with 
a factor. Apparently, it is possible to gauge such symmetries at the level of the equations of 
motion. It would be interesting to work out the general procedure for doing this. 

We now would like to address the question of whether the gauged supergravities we 
constructed can be interpreted as the leading terms in a low-energy approximation to (com- 
pactified) superstring theory. Let us first discuss the status of the D=10 gauged supergravity. 
There exist two ways in the literature to construct this theory: 

(1) In [S] the theory was constructed by pointing out that the Bianchi identities of D=ll 

superspace allow a more general solution involving a conformal spin connection. This 
more general solution is equivalent to standard D=ll supergravity for a topologically 
trivial spacetime but leads to a new possibility for a nontrivial spacetime of the form 
Mio x S 1 . The reduction over the circle leads to the D=10 gauged supergravity theory. 

(2) In P the same D=10 gauged supergravity was obtained via SS reduction of the standard 

D=ll supergravity using the M + scale symmetry of the D=ll equations of motion. 

In both cases it is not obvious how to extend the reduction procedure beyond the lowest 
order approximation. The higher-order derivative terms which arise as corrections in M- 
theory seem to break the scale invariance of the D=ll equations of motion 13 . The symmetry 
used to reduce is therefore only a symmetry of the lowest order approximation. Presumably 
this means that the more general procedure of [H] involving the conformal spin connection 
also does not work in the presence of higher-order corrections. 

One could try to restore the scale invariance by treating the D=ll Planck length £ p or, 
equivalently, the D=ll Einstein constant k, as a scalar field £ p (x) and giving it a nontrivial 

13 We thank Shamit Kachru and Neil Lambert for a discussion on this point. 
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weight under the scale transformations. This can be done by adding to the D=ll Lagrangian 
a Lagrange multiplier term of the form 

where £ p (x) is the x-dependent D=ll Planck length and A^ 10 ) is a 10-form Lagrange multi- 
plier field 14 . The problem of the above approach is that, after SS reduction, one is left with 
two Lagrange multiplier fields. The field equation for one of them implies that the string 
parameter £ s is a constant. The other field equation, however, leads to the constraint that 
mu^s = 0. Thus, one should take either mu = or £ s = 0. In the first case there is no 
deformation left while in the second case one is forced to consider string theory in the £ s = 
limit where no higher-order corrections survive. Naturally, the scale symmetry survives in 
this limit. 

However, the fact that the gauged 10D supergravity with mass parameter mu does not 
seem to have a higher dimensional origin in the presence of higher derivative corrections does 
not exclude a possible role for it in string theory. In this sense its status is similar to Romans' 
massive theory which also can not be obtained from 11D supergravity plus corrections. Of 
course the difference is that Romans' theory has a well understood string theory origin which 
is lacking for the mu theory. 

The same discussion carries over to nine dimensions. The massive deformations split up 
in two categories: those where only the theory to lowest order in a' has a higher-dimensional 
origin and those where also the higher-derivative corrections can be obtained from 10D. The 
latter category can be derived using symmetries that extend to all orders in a'. We have 
two such symmetries: 

• The SX(2,R) (or rather its SX(2,Z) subgroup) symmetry of IIB. Thus the rh = 
(m 1 ,m 2 ,m 3 ) deformations correspond to the low-energy limits of three different sec- 
tors of compactified IIB string theory (depending on rh 2 = |(mi 2 +m2 2 — m% 2 )). In [T%] 
DW solutions were constructed for all three sectors. Of these only the D7-brane has 
a well-understood role in IIB string theory. 

• The linear combination -^6t+f3 of M + -symmetries of IIA. Thus one can define a massive 
deformation m s within Case I with {toua = ^?n s , = m s } which corresponds to the 
low-energy limit of a sector of compactified IIA string theory. No vacuum solution has 
been constructed for this sector. It would be very interesting to try to find a vacuum 
solution and understand which role it plays in IIA string theory. 

In fact, one can have a better understanding of the m s massive deformation and the 
Y^a + (3 symmetry of IIA from the following point of view. The combination -^a + j3 of IIA 

14 A similar procedure can be performed at the level of the Green-Schwarz action of the D=ll superme- 
mbrane jSSl where the membrane tension is replaced by a worldvolume 2-form potential. This introduces 
a scale symmetry in the Green-Schwarz action. In fact, one can show that in the formulation of |35| the 
Green-Schwarz action is invariant under the same scale transformations that leave the equations of motion 
of D=ll supergravity invariant. 
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can be understood from its 11D origin as the general coordinate transformation x 11 — > Xx 11 . 
This explains why all a' corrections transform covariantly under this specific M + : the higher- 
order corrections in 11D are invariant under general coordinate transformations and upon 
reduction they must transform covariantly under the reduced g.c.t.'s, among which is the 
j^a + (3 scaling-symmetry. 

The transformation x 11 — > Xx 11 can also be used for a Scherk-Schwarz reduction from 
11D to 9D with a different procedure to give internal coordinate dependence to the fields. 
Let us call this an SS2 reduction as opposed to the SSI reduction, which is the method we 
have used throughout the paper and which is based on global, internal symmetries of the 
higher-dimensional theory. The SS2 procedure [3^] instead uses a symmetry of the compacti- 
fication manifold for the reduction Ansatz 15 . The massive deformations resulting from a SS2 
reduction can be expressed in terms of the structure constants of the corresponding non- 
Abelian gauge group. Using the transformation x 11 — > \x 11 in the SS2 reduction from 11D 
to 9D we obtain massive deformations which are equal to the m s deformations upon relating 
the components of f a i, c to m s . Indeed, this explains why the m s deformations correspond to 
a gauging of the 2D non-Abelian Lie group A(l) rather than only the M + symmetry -^a + fl. 

The understanding of the m s deformation in terms of a SS2 reduction employing x 11 — > 
Xx 11 also explains why fh^ cannot be obtained from a SSI reduction. Since S-duality in- 
terchanges x 10 and x 11 , it is the g.c.t. x 10 — > Xx 10 that would give rise to a m n = j^m^ 
deformation. However, this transformation is not an internal symmetry of 10D IIA super- 
gravity and thus cannot be exploited in a SSI reduction. Since m n does have a 10D origin, 
this implies that 7714 cannot be obtained from 10D IIA. 

The D=9 gauged supergravities involving mn,mnB or mux 7^ ^4 have the same sta- 
tus as the D=10 gauged supergravity discussed above, i.e. these theories are based upon 
symmetries that are broken by a'-corrections. Note that all the de Sitter space solutions we 
found in Section [7| involve either m n , m UB or uiua 7^ -^m^. It would be interesting to see 
whether these de Sitter spaces could occur as the £ s — > limit of an exact solution of string 
theory. 
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A Conventions 



We use mostly plus signature ( — !-•••+). All metrics are Einstein-frame metrics. Dou- 
bly hatted fields and indices are eleven-dimensional, singly hatted fields and indices ten- 
dimensional while unhatted ones are nine- dimensional. Greek indices fi,u, p . . . denote world 
coordinates and Latin indices a,b,c. . . represent tangent spacetime. They are related by the 
Vielbeins e^ a and inverse Vielbeins e-J 1 . Explicit indices x, y are underlined when flat and 
non-underlined when curved. When indices are omitted we use form notation. 



B Scherk— Schwarz Reduction of Dilaton— Gravity 

In this Appendix we will discuss in detail the most general Scherk-Schwarz reduction of the 
dilaton-gravity system. 

We start with the truncation of 10D IIA and IIB supergravity to the metric and the 
dilaton. The Lagrangian reads 

t = yT=i[R-\{di)% (B.l) 

while the corresponding Euler-Lagrange equations are given by 

[g^] : Rfxb - iRfo - \d^d^ + l^fg^ = , 

[0]: D0 = O. (B.2) 

This system has two global symmetries: one can either scale the metric or one can shift the 
dilaton: 

9& -> e 2ms g^ , 4> -> (f> + m . (B.3) 

The shift of the dilaton is a symmetry of the Lagrangian. The scale transformation of the 
metric is a symmetry of the field equations only; it scales the Lagrangian. This will prove an 
important difference when performing Scherk-Schwarz reductions. We will show that one 
has to reduce field equations, rather than the Lagrangian, when performing SS reductions 
with symmetries of the field equations only. 

Using an arbitrary linear combination of the two global symmetries we make the following 
Ansatz for Scherk-Schwarz reduction over x to nine dimensions: 

h ° = e m °* ( Q e _X/4 J > </> = </> + ^ (B.4) 

where we have omitted the Kaluza-Klein vector for simplicity. Using this Ansatz the 
10D field equations yield the following 9D equations: 

[r v ] : R,u - \Rg»» - \d^d^ + \{d<f>) V - \d^d v y + K<^) V+ 

+ e 4 ^^(im/ + 28m/)^ = , 

[$[ : U(f> + 8m 3 m^e 4 ^ /v ^ = , 

[g* x \: □^-^m/e 4 ^ = 0. (B.5) 
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Note that the field equations of the metric and both scalars get bilinear massive deformations. 
In addition one has the reduction of the g Xfl field equation 

[g x »\ : 2V7m g d tt <p + §m^0 = , (B.6) 

which is the equation of motion for the Kaluza-Klein vector A^. Since it is not important 
for our argument we will not consider this equation and restrict to (jB.5|) . We will discuss 
whether this sector of the field equations can be reproduced by a Lagrangian. 

If one performs the SS reduction on the 10D Lagrangian, instead of on the field equations, 
the result reads £ = e 8m 9 x £ with the 9D Lagrangian given by 

C = y/=g[R - \{d<P? - \{dyf - V(<f>, <p)\ with V(4>, <p) = e 4 <^ 7 (§m/ + 72m/) . (B.7) 

The corresponding Euler-Lagrange equations read 

[<T] : - \Rg, u - \d^A + £ W) V ~ \d^d vV + ±(^0 V+ 

+ e 4 ^(im/ + 36m/)^ = , 
[<f>\: D0 = O, 

[<p] : Dip - -4=e 4 ^(±rV + 72m/) = . (B.8) 

These Euler-Lagrange equations only coincide with the reduction of the 10D Euler-Lagrange 
equations (|B.5|) provided m g = 0. Thus the application of SS reduction to the Lagrangian 
does not give the correct answer if the Lagrangian scales: the Euler-Lagrange equations (|B.8|) 
are not equal to the field equations (jB.5|) for m g ^ 16 . In fact, the situation is worse 0: 
for m g ^ there is no Lagrangian L with potential V(4>, ip) whose Euler-Lagrange equations 
are the correct field equations (|B.5J) . The metric field equation would require 

V(cj), ip) = e 4 ^(irV + 56m/) , (B.9) 

but this is inconsistent with the <fi and tp field equations for m g ^ 0. 

Thus we conclude that Scherk-Schwarz reduction on the Lagrangian is only legitimate 
when the exploited symmetry leaves the Lagrangian invariant rather than covariant. For 
symmetries that scale the Lagrangian one has to reduce the field equations. Including the 
full field content, such as the Kaluza-Klein vector A^, does not change this conclusion. 
One could hope to improve the situation by first going to a frame in which the metric 
is invariant (possible for any m^,m 9 with m^ ^ 0) and then do the SS reduction. Since 
this is related by a field redefinition it will not change the essential properties: the higher- 
dimensional Lagrangian still scales and the lower-dimensional field equations do not have a 
corresponding Lagrangian. 

16 The difference between substitution in the Lagrangian or its field equations, in a slightly different context, 
was also discussed in 
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C Supergravities and their Reductions 
C.l D=ll Supergravity 

The supersymmetry transformation rules of N = 1 eleven- dimensional supergravity read 

4>* = eT% , 

4fi = D h l + ^(f Wf 4 - if A f W)Gf (4) i, (C.l) 

with the field strengths (5(4) = dC and .D^e = {ds + ws)e. The 11D fermionic field content 
consists solely of a 32-component gravitino, whose field equation reads 

x (p) = r^D^ = o, (C2) 

with Dt = d~+u)~ and where we have set the three- form equal to zero. Under supersymmetry 
this fermionic field equations transforms into 

5 X (r) = |f H [AK - \kf~] , (C.3) 

which implies the bosonic Einstein equation for the metric. 
We use the following reduction Ansatze 

e -0A2g A a _ e 20/3 y 4 / . \ 
e 2 ^ 3 J ' 

4 = e --wv/ 24 fe - ^r a A] , 
4 = !e- miix/ V/ 24 I\A , 

— p^mxix/n A., _ _ p 3miia:ri fT* 

to arrive at the IIA susy-rules in ten dimensions. 
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C.2 D=10 IIA Supergravity 

The supersymmetry transformation rules of ten- dimensional IIA supergravity read 

Sofa = {Dp, + ^e-^ 2 (lf A + |f A l)r n + ± e ^l\Ptf, - 1?^)^+ 
+ ^/ 4 (<£f A -±f A (£))e, 
SoBf* = 2e^ 2 Ir n f [A (^] + ff^A) , 
5oiA = -e- 3 * /4 Ir n (^ A -|f A A), 
*oC/u>p = -3e" 0/4 ef [A j>(^ A] - A] A) + 3A [fl S Bc,p] , 

M=pA, (C.5) 

with the following field strengths: 

F = di, H = dB, G = dC + AH, (C.6) 

and _D A e = (<9 A + u> A )e. Upon (massless) reduction with our Ansatze the 11D field equation 
splits up in two field equations for the 10D IIA fermionic field content, a gravitino and a 
dilatino: 

X (^) = t^btip - |(#)f^A = , 
A (A) = £*b p \ - £ p {$^o = , (C.7) 



with Dp = {dp + Cjv) and where we have set the vector, two- and three-form equal to zero. 
Under supersymmetry these fermionic field equations transform into 

5 o A o (A)=e[n0], (C.8) 

which imply the usual graviton-dilaton field equations. 

We use the following reduction Ansatz with x-dependence implied by the M + -symmetries 
a and ft, given in Table El 

, / „0/16-3p/16V%, a _„-7</>/16+3v / 7^/16 / l( 2 ) 
A a _ 9m nA x/8 e e M e M 

^ 1 o £-70/16+3^/16 

fa = e-^x/u^/wap/sWffa + ^r a (A - ^A)] , 

4 = _X e -9-iiAx/16 e -^/32 + 3^/32^ (A _ _3_ A) ? 
^ = e 3m UAX+ m 4X /2( B (2) _ 2 A®A v] ) , 
D _ _ p 3mnAa:+m4a;/2 4 
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4 = -e- 3mW Vi 1} -X^ (2) ), 
A x = -e- 3m ^ 4 X , 

C, vp = e 3 — ^\C, vp - 3A^B% + 3Ag?B<Jj + ^A^A p] ) , 

A _ _ 3mii A x-m 4 i/4 ( 'D(l) _ O /iM 4 ^ 

X = I e -9 miIA x/16 e -0/3 2+ 3 ¥ ,/32V7 (3A + ^ ^ 
£ = e 9m„ A x/16 e </./32-3 V /32 v / 7 e 

0= ±(30 + ^7?) + (|mnA + m 4 )x. (C.9) 
C.3 D=10 IIB Supergravity 

The supersymmetry transformation rules of ten-dimensional IIB supergravity read (in com- 
plex notation) 

% a = ±tP% + h.c., 

16-5! ,/t 



= -^ /2f * ( rf I/A - l tf + h - c - . 
= -e*/ 2 (f f ^ - £tf>A) + h.c. , 

SDpx, = 2ztf ^ - | etf fl®iB« + h.c. , 

50 = i|A* + h.c. , (CIO) 
with the complex scalar f = x + arid the field strengths 

H = dB, G = dt) + \B T r]H , 77 = ( ^ Jj. (C.ll) 

The field strength G is subject to a self-duality constraint. The covariant derivative of the 
IIB Killing spinor reads 

Dp = {d Pk + up i + \e%x)e. (C.12) 

When truncating to the metric, scalars and fermions, the massless 10D IIB fermionic field 
equations read 

X (A) = f*(fy + cO A + *ie%x)X + e*f*(0r)^ = . (C.13) 
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The reduction Ansiitze we used for reducing the above rules are 

„v / 7^/28 p a _ P -V7<p/± A 
_ m UB x I e e fXp 

^ \ n e -Vf v /A 

. 1/4 

,0 — e -m 11B x/2 e -V7ip/5e 



4 = _^ e -mnBx/2 e -Vr V /66 f^-t-^j I\,A* , 



e m UB x/2 e y/7<p/56 



CT + d 
CT* + 1/4 

cr + d 



aT + b 



ct + d ' 

4, = e 2 ™ft(^)4- , 4, = -e 2m ™^)4 , 

= e 4miIB:E ^ Ap , = e 4m ™*(-CVA + §4^]) > ( C - 14 ) 

where we take the Q to be ^-dependent: 

of \ _ f cosh(ax) + ^-smh(a:r) ^( m 2 + w-s) sinh(ax) \ ,„ , 

V 2a( m 2 — ^3) sinh(ax) cosh(ax) — ^ sinh(ax) J 

Upon reduction to 9D the self-duality constraint relates C^ v \ to D^ v \ p and can be used to 
eliminate the latter. 



C.4 D=9 N = 2 Supergravity 

The unique nine- dimensional N = 2 supergravity theory has the following supersymmetry 
tr ansf ormat ions : 

<$ e M a = |e7 a ^ + h.c. , 

^ = /V + (f 7 ,7 (2) - 7 (2) 7.) ^(2)6 

- MI^^ (|7,7 (2) - 7 (2) 7.) (F® - tF^% e* 
+ ^e~^ + 7 W 7 J c^ {H® - rlf% e* 

-^(H7 (4, -7 (4, 7,)G4 f , 
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4!V7 C 

5 X = i$(j)e* - e*$ X e* ~ ^e 3 ^/ 14 e^ 2 7 (2) - rF^) (2) e 
- ^e^^ 14 e^ 2 7 (3) (1) - tH®)^ e , 

6 A, = |e 2 ^e(^ - ^= 7/i A*) + h.c. , 
M?> = -fe^Ve^/ 2 ^ (W V + Jey„A + ^M*) + t.c. , 
Mj? } = -i e ^/ 2 e- 3 ^ 2 ^ (V^ + f^A + ^7^*) + h.c. , 

<5 £« = e^Ve^ (e* 7[/ A] + §e 7 ,,A - ^e* lfiu \*) - A^ Q A^ + h. 
6 B$ = e ^e^ (e* 7[M W] + je^A - ^6*7^*) - A^A® + h. 

5 C^ = |e-^e 7[M , + ^7*]A*) - f fiJ^oA] + h.c. , 
<W = -{eX* + h.c. , 
SoX = K^eA* + h.c. , 

5 <P = -feA* + h.c. , (C.16) 

with the complex scalar r = x + ie~^. The field strengths read 

Gx = d X , F = dA, F — dA, H = dB — AF , G 4 = dC + B T rjF. (C.17) 

The covariant derivative of the Killing spinor reads 

D lt e=(d li + u lt + {e%x)e. (C.18) 

When truncating to the metric, scalars and fermions, the massless 9D fermionic field equa- 
tions read 

X (V) = Y up (d„ lie*d vX )if> P ~ \e+{$r)rf\* + §^h M A* = , 

X (A) = Y(d, + Up + \ie%x)* + e^{$r)% = , 

X (A) = 7^ + ou, - {ie% X )\ - i-fifoW = • (C.19) 
Under supersymmetry these yield the variation 

W(f) = \i u e [R\ - \Rg^ - \{{d»4>)(d v <t>) - |(^)V,)+ 

5 X (A) = e*[- e *(n X + 2{d^){& t X ))] + *W " ^{d X f] , 

5 Xo(A)=ze*[D^], (C.20) 
which are the massless bosonic field equations for the metric and the scalars. 



c. 

c. 
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D Spinors and T-matrices in Ten and Nine Dimensions 

The T-matrices in ten (Tp) and nine (7^) dimensions can be chosen to satisfy 

rt = r/ AA r A and 7+ = , (D.l) 

respectively. In ten dimensions we can also choose the T-matrices to be real, while in nine 
dimensions they will be purely imaginary, which implies that 

T A = T}p,pFji and 7J = -r/^7 M . (D.2) 

In ten dimensions the minimal spinor is a 32 component Majorana-Weyl spinor with 16 (real) 
degrees of freedom. With the choice 

ril = -ro...g, r n = (I _°\ (d.3) 

we can write a ten-dimensional Majorana-Weyl spinor as being composed of nine-dimensional, 
16 component, Majorana-Weyl spinors according to 

where ipi are nine-dimensional Majorana-Weyl spinors and + or — denotes the chirality 
of the ten-dimensional spinor. The split of an arbitrary ten-dimensional spinor into two 
Majorana-Weyl spinors of opposite chirality can of course be done without reference to nine 
dimensions (through the specific choice of r n ), but each ten-dimensional Majorana-Weyl 
spinor will then in general have 32 non-zero components even though it only has 16 degrees 
of freedom. In order to reduce to nine dimensions we use 

r u = <7 3 ®i, r £ = «7i®i, r a = a 2 ® 7a , (d.5) 

where x is the reduction coordinate and the Pauli matrices are defined as 

ai = (! J) ' a2 = ~d) ' aa = (J -1) • (D - 6) 

As mentioned above the nine dimensional 7-matrices are purely imaginary. If we work with 
a reduction of type IIB, where the two spinors have the same chirality, it may be convenient 
to introduce complex, nine- dimensional, Weyl spinors according to 

ipc = "01 + #2 , A c = A 2 + z'Ai , (D.7) 
e c = ei + ie 2 , A c = A 2 + iXi , (D.8) 

which in ten-dimensional notation can be written as, e.g., 

' 0i \ , if ^2 



<=( - +i - ) . (D.9) 
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If we instead work with a reduction of type IIA the two spinors will have opposite chirality, 
and can thus be composed into a ten-dimensional Majorana spinor according to 



^ m =[ t 1 )+( a. i • p.io) 



T U: 



'2 



When working with these non-minimal spinors, which are either just Majorana (i/)ff) or 
just Weyl ijp^) [H], the two formulations are (in nine dimensions) related via 

|(i + = Re(^) , §(i - r u )< = im(r^f) , 

1 (1 + r n )A M = \m{V x \ w ) , |(1 - r n )A A/ = Re(A w/ ) , 



|(1 + r n )A M = lm{Vj, w ) , |(1 - r n )A M = Re(\ w ) , 
|(1 + r n )e M = Re(e w ) , i(l - T n )e M = Im(r,e w ) , 



(D.ll) 



for positive (V^e 1 ^) and negative (X W ,X W ) chirality Weyl fermions. With the above men- 
tioned decomposition into nine-dimensional Majorana- Weyl spinors we can write 

^1 \ JA I e l \ \M ( M \ \M / ^1 



and 



*f = i l h «" = U J. A -u • A =U ' (D12) 



\2 



^ = ( X ° X ) , A W = f r °.r ) , (D.14) 

V A 2 + «Ai J \ A 2 + «Ai y ' v ; 

where the spinors without an M or W superscript are Majorana- Weyl spinors. The two 
different routes to obtain Majorana- Weyl spinors are illustrated in Figure El Note also that 
it follows from the Clifford algebra and the choice of Tn that is off-diagonal, which is 
crucial for this construction. 
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